We were the first to demonstrate that direct application of the environmental pollutant and tobacco smoke constituent dibenzo [a,l]pyrene (DB[a,l]P) into the oral cavity of mice induced squamous cell carcinoma (SCC) in oral tissues but not in the tongue; however, the mechanisms that can account for the varied carcinogenicity remain to be determined. Furthermore, we also showed that not only dA adducts, but also dG adducts can account for the mutagenic activity of DB[a,l]P in the oral tissues in vivo. In this study, we initially focused on DB[a,l]P-induced genotoxic effects in both oral and tongue tissues. Therefore, to fully assess the contribution of these DNA adducts in the initiation stage of carcinogenesis induced by DB[a,l]P, an LC-MS/MS method to simultaneously detect and quantify DB[a,l]PDE-dG and -dA adducts was developed. Mice were orally administered with DB[a,l]P (24 nmole, 3 times per week for 5 weeks) or its fjord region diol epoxide, (±)-anti-11,12-dihydroxy-13,14-epoxy-11,12,13,14-tetrahydrodibenzo[a,l]-pyrene (DB[a,l]PDE, 12 nmole, single application); animals were sacrificed at 2, 7, 14, and 28 days after the last dose of carcinogen administration. Oral and tongue tissues were obtained and DNA were isolated followed by enzymatic hydrolysis. 
■ INTRODUCTION
It is estimated that about 174 100 cancer deaths will be caused by tobacco use in 2013; 1 all forms of smoked and smokeless tobacco products are known risk factors of oral cancer. 2 The U. S. Surgeon General's report has outlined that tobacco carcinogens such as polycyclic aromatic hydrocarbones (PAHs) and tobacco specific nitrosamines (TSNA) are the most likely causes of oral cancer. 3 Dibenzo[a,l]pyrene (DB-[a,l]P), a representative example of PAHs, is an environmental pollutant and a tobacco smoke constituent; 4−7 although not quantified, it was identified in cigarette smoke. 8 Animal studies have shown that DB[a,l]P is the most potent carcinogenic PAH tested so far, inducing tumors in mouse skin, lungs, and ovaries, 9, 10 as well as rat mammary glands. 6 In addition, we recently demonstrated that DB[a,l]P is capable of inducing squamous cell carcinoma (SCC) in the oral tissues but not in the tongue of mice. 11 It is generally accepted that PAHs exert their mutagenic effects and initiate the carcinogenic process through the generation of active metabolites that lead to the formation of potentially mutagenic covalent DNA adducts, which can cause miscoding and mutations. 12 Among the variety of PAH metabolites, diol-epoxides are often the major ultimate carcinogens. 6 Recently, we have also shown that direct application of the fjord region diol epoxide, (±)-anti-11,12-dihydroxy-13,14-epoxy-11,12,13,14-tetrahydrodibenzo[a,l]-pyrene (DB[a,l]PDE), a metabolite of DB[a,l]P, induced SCC in both tongue and other oral tissues in the mouse. 13 At the higher dose (6 nmole, 3× per week for 38 weeks), DB[a,l]PDE induced 74% SCC in the tongue, but it induced 100% SCC in other oral tissues; the corresponding values at the lower dose (3 nmole) were 45% and 89%. 13 We concluded that the formation of diol epoxides plays a major role in the initiation stage of DB[a,l]P-induced carcinogenicity. 13 However, the mechanisms that can account for the varied carcinogenicity in tongue and other oral tissues of mice treated with DB[a,l]P remain unknown.
Subsequently, we reported the mutagenicities in cII gene of the oral cavity of B6C3F1 (Big Blue) mice treated with DB[a,l] P or (±)-anti-DB[a,l]PDE.
11,13 DB[a,l]P and (±)-anti-DB-[a,l]PDE both induced more mutations at GC base pairs than AT base pairs, but they induced significantly higher fraction of mutations at AT base pairs compared to benzo[a]pyrene (B[a]P). These results indicate the importance of both DB[a,l]PDE-dG and dA adducts in inducing mutations, suggesting that both types of adducts can be persistent long enough in the genome to induce mutations. Therefore, to fully assess the contribution of both dG and dA adducts in the initiation stage of carcinogenesis, it is important to develop a sensitive method to identify and quantify both anti-DB[a,l]-PDE-dG and dA adducts simultaneously in the tongue and other oral tissues of mice treated with DB[a,l]P.
The quantitation of DNA adducts derived from tobacco products (N′-nitrosonornicotine) in the oral cavity of rats during a carcinogenicity study by LC-MS/MS has provided better mechanistic insights on the role of these adducts in oral carcinogenesis. 14 We also reported the detection and quantification of DB[a,l]PDE-dA adducts in the oral tissues of mice treated with DB[a,l]P and (±)-anti-DB[a,l]PDE. 15 In the present report, we developed a LC-MS/MS method to simultaneously detect and quantify DB[a,l]PDE-dA and dG adducts in the tongue and other oral tissues of mice treated with DB[a,l]P. The internal standard
-dG adducts were synthesized, and the stereochemistry of each isomer was characterized by mass spectrometry (MS), nuclear magnetic resonance (NMR), and circular dichroism (CD) analysis, according to published procedures. 16 In addition, to understand the biological fate of these adducts, we compared the formation and disappearance of both dG and dA adducts as a function of time after cesation of carcinogen treatment in the tongue and other oral tissues of mice treated with DB[a,l]P. 1) were prepared according to a method published previously. 16 They were synthesized by adding racemic (±)-anti-DB[a,l]PDE [5 mg, dissolved in 1 mL of dry dimethylformamide (DMF) under N 2 ] to excess dG (35 mg) at 100°C for 30 min. DMF was then removed under vacuum; the residue was dissolved in DMSO/CH 3 OH (1:1). Purification methods, HPLC analysis and spectral analyses (UV, CD, NMR, and MS) used for dG adducts were identical to those used for dA adducts described before. 15 The 1 H NMR spectra of the dG adducts were recorded in DMSO-d6 at 600 MHz on a Bruker Avance NMR spectrometer. The concentration of each purified stereoisomer was determined by UV spectroscopy (Beckman Coulter DU 640 spectrophotometer), (ε = 42000 M −1 cm −1 ). 18 The MS/MS analysis was conducted by an API 3200 LC/MS/MS triple quadrupole mass spectrometer (Applied Biosystem). The CD spectra were recorded in methanol on a Jasco J-815 CD spectrometer.
■ MATERIALS AND METHODS

Caution
-dG adducts were prepared and characterized essentially following the same approach described above for unlabeled dG adducts, except using [ 15 N 5 ]-deoxyguanine (Cambridge Isotope Laboratories, Andover, MA), .
Detection and Quantification of anti-DB[a,l]PDE-N 2 -dG Adducts in Vivo. Mice were treated with DB[a,l]P and (±)-anti-DB[a,l]PDE as reported previously. 13 In brief, female B6C3F1 mice (Jackson Laboratories, Bar Harbor, ME), 6 weeks of age, were used in bioassays. A group of three mice was treated topically with a single dose of 12 nmol of DB[a,l]PDE into the oral cavity and sacrificed at 48 h after the treatment. Another group of three mice was treated with 240 nmol DB[a,l]P per day for 2 days and sacrificed at 24 h after the second carcinogen dose. Finally, a time-course study was conducted and mice were treated with 24 nmol DB[a,l]P topically into the oral cavity 3 times per week for 5 weeks (the same dose was used before for 38 weeks, which induced oral cancer in mice at 42 weeks after the first dose). Six animals per group were sacrificed at 48 h and 1, 2, and 4 weeks after the last dose. At termination, mice were sacrificed by CO 2 asphyxiation and soft tissues of the oral cavity including hard palate, buccal mucosa, and floor of mouth, were collected.
DNA was isolated using the Qiagen genomic DNA isolation procedure. Prior to enzymatic digestion, 200 pg of each [ 15 N 5 ]-labeled DB[a,l]PDE-dA or -dG adducts were added to 200 μg DNA. DNA hydrolysis, solid phase extraction were carried out under similar conditions as those previously published. 15 LC-MS/MS Analysis. The method used for the detection of DB[a,l]PDE-DNA adducts by LC-MS/MS is identical to our previously published procedure. 15 In brief, the analysis was carried out on an API 3200 LC/MS/MS triple quadrupole mass spectrometer interfaced with an Agilent 1200 series HPLC using an Agilent Extend-C18 5 μm 4.6 × 150 mm column. The electrospray ionization (ESI) was performed in the positive mode. The MS parameters were set as follows: electrospray source temperature and voltage were 400°C and 5.5 kV, respectively; the declustering potential (DP), collision energy (CE), entrance potential (EP), and cell exit potential (CXP) were optimized as 56, 33, 7.5, and 8eV, respectively; the collision activated dissociation (CAD) gas was set at 5 psi, whereas the curtain gas was set at 20 psi. The elution solvent program was 200 ul/min gradient using solvent A (methanol containing 0.1% formic acid) and solvent B (water containing 0.1% formic acid). The gradient was 10% A to 70% A in 5 min, followed by 70% A in 10 min, continued to 90% A in 30 min, and 90% A was held for another 5 min. Calibration Curves for DNA Adducts. Calibration curves were constructed by mixing authentic unlabeled adduct (20, 50, 200 , and 500 pg), 200 pg of N 15 internal standard adduct and 100 μg of DNA obtained from oral tissues of untreated mice. As described above, the mixture was subjected to the same DNA digestion and adduct purification procedure for HPLC-MS/MS analysis as described above.
■ RESULTS Detection and Identification of dG Adducts Derived from DB[a,l]PDE in Vitro. HPLC analysis, UV, MS, NMR, and CD spectra were used to detect and identify dG adducts derived from DB[a,l]PDE in vivo. The four synthetic stereoisomeric adducts formed from the incubation of (±)-anti-DB[a,l]PDE with dG were prepared as described; The CD spectra were acquired to determine the stereochemistry of each of the N 2 -dG adducts ( Figure S2 in the Supporting Information). Peak 1 and peak 2 are enantiomers to each other; peak 4 and peak 5 are enantiomers to each other. Each pair of enantiomeric adducts exhibited symmetrical CD spectra, but with opposite signs. Our CD spectra of the four N 2 -dG adducts are consistent to those reported by Dreij et al. 19 The 1 H NMR spectra of peak 1 and peak 5 were obtained to determine the stereochemistry (cis vs trans) of each diastereomer (Table S1 in the Supporting Information). The chemical shift of the bay or fjord region benzylic methane proton, at the site of attachment to the purine is a diagnostic feature for the assignment of stereochemistry. 20, 21 It has been consistently observed that similar marked downfield shifts of the fjord or bay region benzylic proton signal can be used to differentiate the cis from the trans diastereomers both for dA and dG adducts derived from a number of different PAHs. 21 In the case of DB[a,l]PDE, a downfield shift of C 14 −H for peak 1 is compared to peak 5, that indicate that peaks 1 and 2 are cis-N 2 -dG adducts; peaks 4 and 5 are trans-N 2 -dG adducts. According to the empirical rules established previously for other hydrocarbons, the sign of the signal at ∼270 nm of CD spectra was used to assign the empirical configuration. 20, 21 The cis-and trans-adducted diastereomers with S absolute configurations for the benzylic carbon, where the purine is attached, have a positive sign for this band, whereas the cis and trans diastereomers with R absolute configuration have a negative sign. In terms of the elution order (Figure 1) , the four -dG adducts, respectively. In addition, the UV spectra of peak 1 and peak 2 are identical, with the maxima absorption at 325 and 340 nm; whereas peak 4 and peak 5 have the same UV spectra with the maxima absorption at 323 and 338 nm (Figure 1 ). This is consistent with the report by Dreij et al. indicating that the UV absorption of cis-adducts is shifted to longer wavelengths. (Figures 2A and 2B) . In contrast, we detected two dA and two dG adducts in oral tissues of mice treated with its parent compound, DB[a,l]P ( Figures 3A and 3B) . On the basis of cochromatography of the internal standards with analytes, we identified (−)-anti-cis and (−)-anti-trans-DB[a,l]PDE-N 2 -dG adducts and consistent with our previous report, 15 we identified (−)-anti-cis and (−)-anti- Figure 5 ). Calibration curves for dA adducts were constructed as previously reported. 15 Because of the expected low levels of dG adducts as depicted in Figures 2−4 , we pooled all the oral tissues of mice (n = 3) within the same group, and thus one In our previous report, we demonstrated that DB[a,l]P induced SCC in the oral tissues but not in the tongue while its diol epoxide induced SCC in both oral and tongue tissues. 11 Therefore, in the present study we have compared the levels of dA and dG adducts in oral and tongue tissues of mice treated with DB[a,l]P (Figures 6B and C) . The levels of (−)-anti-trans-DB[a,l]PDE-dA adduct in oral tissues exceeded those in tongue at all time points. Levels of (−)-anti-trans-DB[a,l]PDE-N 2 -dA were ≥2 folds higher than (−)-anti-cis-DB[a,l]PDE-N 2 -dA adduct and those of dG adducts in the oral tissues and tongue at all time points after the cessation of DB[a,l]P treatment. However, levels of dG adducts were comparable at all time points in both tissues.
■ DISCUSSION
Using LC-MS/MS analysis, our results clearly demonstrate that following the topical application of multiple doses of DB[a,l]P, we were able to simultaneously detect and quantify dG and dA adducts derived from (−)-anti-DB[a,l]PDE in the oral tissue of mice; levels of (−)-anti-trans-N 6 -dA adducts exceeded all other DNA lesions detected in this study. In a previous study, Dreij et al. exposed A549 human epithelial lung carcinoma cells to 0.1 μM (±)-anti-DB[a,l]PDE, levels of DNA adducts were analyzed by HPLC-Fluorescence detector at different time points post-treatment up to 6 h. 22 These authors observed that independent of the concentration and incubation time of DB[a,l]PDE, levels of dA adducts were higher than levels of dG, and the ratio of dA and dG adducts remains constant (∼2.8) over the time points selected in this study; however, they also observed that within each type of adducts, differences in the rate of adduct removal exist. In another report using 32 Ppostlabeling analysis, when A/J mouse was treated with DB[a,l]P, Prahalad et al. have shown that the predominant adducts in the mouse lung were coeluted with adducts derived from the reaction of anti-DB[a,l]PDE and dA. 23 These results appear to be consistent with our observations that (−)-antitrans-DB[a,l]PDE-dA is the major DNA adduct detected in the oral tissues of mice treated with DB[a,l]P, and therefore, the level of this adduct may be causally related to the oral carcinogenicity of DB[a,l]P. 11 Furthermore, our results demonstrate the levels of these adducts were higher in the oral tissues than in the tongue of mice treated with DB[a,l]P, which may, in part, account for the carcinogenicity of DB[a,l]P in the oral tissues but not in the tongue.
Interestingly, Spencer et al. demonstrated that guanine adducts detected by 32 P-postlabeling were the major adducts following the incubation of cell lines with racemic (±)-anti-DB[a,l]PDE, and these adducts were particularly refractory to the removal by nucleotide excision repair (NER) system in several human NER proficient (NER + ) cell lines. 24 However, the in vitro reaction of DNA with the parent compound DB[a,l] P in the presence of rat liver microsomes, resulted in dA: dG adducts in nearly 1:1 ratio. 25, 26 Furthermore, other studies have shown that (−)-anti-DB[a,l]PDE reacts predominantly with adenine in human epithelial cells, resulting primarily in mutations at A:T base pairs. 22 On the basis of these studies, it is likely that (+)-anti-DB[a,l]PDE is responsible for the large numbers of dG adducts formed in studies by Spencer et al. when those human cell lines were treated with 1 nM (±)-anti-DB[a,l]PDE. 24 The variations in the levels of dA and dG adducts among different studies may be due to different doses, differences in metabolic capacities of various cell types in vitro and in vivo, route of adminstration, or treatment duration as well as time points of those measurements. DB[a,l]P was mutagenic in the oral cavity of the big blue mice; it induced high fractions of G:C → T:A and G:C → A:T substitutions, besides a significant higher fraction (31%) at AT base pairs compared with the mutation profile induced by B[a]P. 11 In our opinion, although fjord region diol epoxides (e.g., DB[a,l]PDE) prefer to form higher levels of dA adducts than dG adducts, certain dG adducts may be resistant to NER; thus, the simultaneous detection of dA and dG adducts derived from DB[a,l]P is necessary to explore the mechanisms that can account for the oral carcinogenesis induced by this carcinogen. In our previous report, we showed that DB[a,l]P-induced SCC in oral tissues but not in the tongue after direct application of DB[a,l]P into the oral cavity; 11 however, DB[a,l]PDE is a potent carcinogen in both oral tissues and tongue. 13 Toward this end, we initially focused on DB[a,l]P-induced genotoxic effects in this target organ. Among all the DB[a,l]P-induced dA and dG adducts examined, the level of (−)-anti-trans-DB[a,l]PDE-dA was clearly higher in oral tissues than in tongue at all time points. As we stated earlier that the level of (−)-anti-trans-DB[a,l]PDE-dA is important in DB[a,l]Pinduced oral carcinogenesis, our results are consistent with our previous finding that DB[a,l]P induced SCC in the oral tissues but not in the tongue. 
